[1] Eddy-correlation fluxes are compared to air-sea fluxes predicted by a widely used bulk flux formulation without wave-state effects. Systematic discrepancies are found. For example, the model approximately equates the roughness lengths for heat and moisture; however, the observed roughness length for heat (z oh ) exceeds that for moisture (z oq ) by an order of magnitude or more, except in the strongest wind-speed conditions. This is apparently due to the dynamic nature of temperature, which dominates buoyancy generation of turbulence in these data sets. The observed correlation between temperature and vertical velocity fluctuations generally exceeds that for moisture. For 10-m wind speeds above a threshold value of 12 m s À1 , z oq exceeds z oh apparently owing to enhanced moisture flux associated with the onset of wave breaking coupled with advection of cold dry air from land. In near-collapsed turbulence, the observed momentum flux is smaller than predicted, and there is no clear indication of a smooth flow viscous regime. The scatter between observed and bulk fluxes generally decreases with averaging the observed fluxes over greater length scales even with variations in sea-surface temperature (SST). The reduction in random flux sampling errors more than compensates for capturing increased surface heterogeneity with increasing averaging scale. Since similarity theory does not apply to heterogeneous surfaces, the bulk model does break down in the extreme case where the averaging window includes a sharp SST front. The response of the flow to changes in SST is presented for different amplitudes of SST variability. The change in vertical structure and acceleration of the low-level wind over warm pools is discussed.
Introduction
[2] Reliable formulation of air-sea fluxes of momentum, sensible heat and latent heat is critical for accurate forecasts of the marine boundary layer. The surface flux is commonly parameterized in large-scale models using a bulk flux formulation in terms of exchange coefficients that depend on stability and roughness lengths [e.g., Fairall et al., 1996; Mahrt et al., 2003 ]. The stability functions, which include empirical coefficients based on decades of field studies conducted over land, are thought to also apply over the water [Edson and Fairall, 1998; Vickers and Mahrt, 1999; Edson et al., 2004] . Unlike over land, the roughness lengths depend on time-dependent characteristics of the surface waves. For example, the roughness length for momentum depends on wave age [Donelan, 1990; Maat et al., 1991; Smith et al., 1992; Grachev and Fairall, 2001; Drennan et al., 2003] , although most large-scale atmospheric models do not include information on wave state.
[3] The bulk flux model assumes stationarity and homogeneity such that: (1) the drag coefficient only depends on z/ L and z/z om as described by Monin-Obukhov similarity theory where z is height above the surface, L is the Obukhov length scale and z om is the roughness length, (2) the sea-surface roughness is proportional to the momentum transport from the atmosphere to the ocean (e.g., Charnock formulation of z om ), and (3) the observations are taken in the surface layer. The latter criteria requires the observations to be above the wave boundary layer [e.g., Hare et al., 1997] yet low enough in the atmospheric boundary layer that the change in the flux with height below the measurement level can be ignored. Despite these requirements, large-scale models must apply the bulk flux formulation in all conditions, as there is no viable alternative. This contributes to discrepancies between modeled and observed fluxes.
[4] In this study, eddy-correlation fluxes from aircraft and tower measurements over the ocean are compared to flux estimates from a widely used bulk flux model without wave-state information. Similar bulk models without wave-state effects are used to parameterize the air-sea fluxes in most large-scale atmospheric models.
[5] The structure of the marine boundary layer is strongly influenced by well-defined large amplitude sea-surface temperature (SST) fronts, such as the edge of the Gulf stream current in the north Atlantic and the cold tongue-ITCZ region in the eastern tropical Pacific [Thum et al., 2002; Pyatt et al., 2005] . In the second part of this study, we use aircraft observations to explore the sensitivity of the surface fluxes and low-level mean meteorology to smaller amplitude, more common SST variability.
[6] The measurements and methods used to estimate airsea fluxes are described in section 2, while the details of the bulk flux model are presented in section 3. Section 4 contrasts bulk and observed fluxes. The response of the marine boundary layer to modest amplitude spatial variability in SST is discussed in section 5, and conclusions follow in section 6.
Data

LongEZ Aircraft
[7] Data collected by the NOAA LongEZ (N3R) aircraft during two field experiments, (1) the pilot program of the Coupled Boundary Layers Air Sea Transfer experiment (CBLAST Weak Wind) conducted over the Atlantic Ocean south of Martha's Vineyard Island, Massachusetts, during July -August 2001, and (2) the Shoaling Waves experiment (SHOWEX) in November and December 1999 over the Atlantic off the Outer Banks near Duck, North Carolina, are used in the analysis. The data were collected at a temporal sampling rate of 50 Hz, corresponding to a spatial sampling interval of 1 m for an aircraft speed of 50 m s
À1
. Eddycorrelation fluxes were calculated from data collected during low altitude (10 to 20 m) flight segments where aircraft altitude, roll, pitch and heading fluctuations remained within prescribed limits and where the flight track was either primarily into or following the mean wind. The latter criteria enables a better estimate of the SST in the flux footprint, but significantly reduces the size of the data sets. An accurate SST estimate is critical for evaluating fluxes with the bulk model.
[8] SHOWEX data collected very near shore in offshore flow conditions, which were emphasized in previous studies by Mahrt et al. [2001] and Sun et al. [2001] , are excluded from this study; however, this does not imply that land influences are totally removed. Advection can extend the influence of land tens of kilometers or more off the coast [Smedman et al., 1997; Mahrt et al., 2001] . With these restrictions, the SHOWEX data set includes 190 flight segments on 21 different days, while the CBLAST pilot data set includes 74 flight segments on nine different flight days. Individual flight segments refer to continuous segments of the flight that satisfy all the criteria above and are 10 km in length or more. The longest flight segment is 70 km.
[9] LongEZ instrumentation was described in detail by Crescenti et al. [1999] and Sun et al. [2001] . The LongEZ is a light pusher aircraft with the engine mounted on the rear of the airplane with the large main wing set back farther than that of conventional aircraft. The small, low-drag airframe and rear-mounted pusher engine reduce the influence of flow distortion, engine vibration and engine exhaust for instruments mounted on the nose. Winds are measured using the BAT probe, positioned 2 m in front of the nose and 5 wing-widths ahead of the canard. Fast-response temperature is measured using a 0.13 mm micro-bead thermistor mounted inside the design stagnation point port on the BAT hemisphere. Fast-response humidity is measured using an open-path infrared gas analyzer (IRGA) designed and built by Air Resources Laboratory, NOAA. An EG&G (200) chilled mirror measured slow response dew point temperature.
[10] The aircraft fluxes compare favorably with fluxes measured with eddy-correlation instrumentation on two different buoys and from sonic anemometers deployed on the Duck pier for limited intercomparisons . The aircraft could underestimate the flux in shallow boundary layers due to significant change in the flux between the surface and the aircraft level. We attempt to correct for this effect in stable conditions (section 2.5).
[11] Another concern is the loss of flux at high frequencies. Owing to the sampling interval of 1 m, all fluxes on horizontal scales less than about 2 m are lost. The flux is lost because the data were filtered to remove noise at small scales, and therefore there is no folding back (aliasing) of flux at small scales to larger scales. Fluctuations of aircraft altitude are a concern as they can lead to artificial fluctuations in the presence of strong mean vertical gradients. Using the LongEZ SHOWEX data, Mahrt et al. [2005] found that fluxes of heat and momentum were slightly overestimated owing to this effect in strongly stable flows. This error is expected to offset to some degree underestimation of the flux owing to loss of small-scale fluctuations in stable conditions.
[12] Of concern is the apparent ambient temperature dependence in the Everest Interscience (4000.4GXL) infrared radiometer which measures sea-surface radiative temperature. We adjusted the surface skin temperature measurements from the radiometer for both the SHOWEX and CBLAST pilot experiments. The adjustment consists of applying one constant offset temperature for each flight day derived from comparisons with SST measurements from buoys, and by assuming that the heat flux should be directed down the mean temperature gradient. Plots of the heat flux as a function of the air-sea temperature difference sometimes reveal an offset relative to the zero crossing. We assume that this offset, when present, is due to drift in the calibration of the radiometer, and adjust the SST accordingly.
Pelican Aircraft
[13] Additional data were collected by the Naval Postgraduate School's CIRPAS (Center of Inter-Disciplinary Remotely Piloted Aircraft Studies) Pelican aircraft in the CBLAST experiment during August 2003. The turbulence group at the University of California at Irving (UCI) (Djamal Khelif and Carl Friehe) installed the instrumentation and data logging systems on the aircraft. CBLAST was the first research project for this combination of aircraft and instrumentation [Khelif et al., 2004] .
[14] The nominal low-level altitude for flux measurements was 30 m above the surface. Data were collected at a sampling rate of 40 Hz, corresponding to a sampling interval of about 1.5 m. We applied no corrections to UCI's Version 3.0 data set. After applying criteria based on the allowed variations in aircraft altitude and heading (aircraft roll and pitch data were not available), and requiring the flight track be either into or following the mean wind, the Pelican CBLAST data includes 94 flight segments on 10 different days.
[15] It appears that the Pelican flight altitude (30 m) was too high above the sea surface to capture the fluxes in the weak wind stable conditions in the CBLAST study region during August 2003. The Pelican fluxes are shown in section 4, but are not discussed further.
Air-Sea Interaction Tower
[16] Data from the Air-Sea Interaction Tower (ASIT) collected during the CBLAST experiment in late summer of 2003 are analyzed [Edson et al., 2004] . The fast-response wind, temperature and humidity data were obtained from Jim Edson of the University of Connecticut (formerly of Woods Hole Oceanographic Institute). The offshore tower is located 3 km south of Martha's Vineyard in 15 m of water. The 20-Hz turbulence measurements collected by a CSAT3 sonic anemometer (Campbell Scientific, Inc.) and a colocated LI-7500 open path gas analyzer (LI-COR, Inc.) at approximately 5 m above the sea surface are used to calculate eddy-correlation fluxes of momentum, sensible heat and latent heat. Slow response measurements include mean air temperature and humidity at multiple levels and sea-surface radiative temperature.
[17] We retain data for analysis only for periods with the wind direction inside the sector from 160 to 250 degrees (flow from the SSW) to avoid influences from nearby land to the north and shallow water to the east and west. This criteria also eliminates periods with flow through the tower prior to reaching the turbulence instruments. Some moisture flux data were discarded due to unphysical behavior of the fast-response humidity from the LI-7500, apparently due to condensation on the lens in high humidity and fog conditions. With these restrictions, the data set includes 383 1-hour averages between 16 July and 2 October 2003. The majority of the retained data are characterized by weak winds and warm air over cooler water.
Flux Calculations
[18] Two timescales are used to calculate the turbulence flux: (1) t defines the perturbation quantities and determines what scales of motion contribute to the calculated flux, and (2) l is the scale over which products of perturbations are averaged. Using too small a window size t leads to systematic flux loss and underestimation of the flux, while using too large a window inadvertently includes poorly sampled mesoscale motions which can degrade flux-gradient relationships and the performance of the bulk model [Smedman, 1988; Howell and Sun, 1999; Vickers and Mahrt, 2006] . Choice of l that is too small increases the random flux sampling error, while choice of l that is too large captures additional heterogeneity (nonstationarity at the tower).
[19] An algorithm is used to identify the averaging timescale t for each individual flight segment (and each 1-hour record from the tower) that captures the turbulence while excluding most of the mesoscale motions [Vickers and Mahrt, 2006] . The method is based on identifying the gap region in the multiresolution heat flux cospectra. The gap scale t is typically a factor of 5 larger in unstable conditions compared to stable conditions owing to suppression of the larger eddies by the stratification and shallow boundary-layer depth in stable flows.
[20] Once the perturbation quantities are computed on the basis of the averaging scale t, the fluxes are averaged over a larger window l. For the aircraft, we compute fluxes for l windows ranging from 2 to 32 km in length to examine the influences of random flux error and surface heterogeneity. The length scale l defines the averaging window for the basic mean state quantities U, q, q and q s required for the bulk flux model (section 3). For the ASIT data, we use the variable t and a constant l = 1 hour.
Extrapolation to the Surface
[21] In shallow stable boundary layers, the magnitude of the flux measured at the aircraft level can be significantly less than the surface flux. We account for the change in the flux with height below the aircraft by using a simple parameterization of stable boundary layer depth h [Donelan, 1990] ,
where u * is the friction velocity and f is the Coriolis parameter. Variations in the Coriolis parameter have no influence for these data. The nondimensional coefficient C = 0.04 is based on observed stable boundary layer depths inferred from aircraft soundings and air-sea momentum fluxes from low-level flight segments by the LongEZ in the CBLAST pilot experiment . Boundary-layer depth was determined by examining the vertical profile of turbulence energy, potential temperature and wind. The above formulation for h was not the best form evaluated in terms of correlation with the observed h (14 different forms for h were evaluated), but serves our purpose here in that only an estimate of u * is required.
[22] The flux at aircraft level is extrapolated to the surface by assuming a linear flux profile between the surface and the top of the boundary layer, where the flux is zero. The surface flux F sfc is then calculated from the flux at aircraft level F as
where F refers to the fluxes of momentum, sensible heat and latent heat and z is aircraft altitude. The modeled h is restricted to be no smaller than the smallest observed stable boundary layer depth of about 50 m. While this adjustment to the flux (equations (1) - (2)) is admittedly crude, it should account for first-order systematic effects due to shallow stable-boundary layers.
[23] No correction is applied when z/L < 0.1 where the boundary-layer depth typically exceeds a few hundred meters and the change in the flux between the aircraft level and the surface is presumably small. With this criteria, 30% of the CBLAST pilot experiment 4-km average fluxes are corrected by an average of 18%. The corresponding numbers for the SHOWEX data are 14% of the fluxes with an average correction factor of 32%. For the tower data, we assume negligible flux divergence below the flux measurement level of approximately 5 m and do not apply equations (1) - (2). The flux instruments on the tower were lowered from 6 to 4 m above the surface on 19 August.
Bulk Flux Model
[24] Fluxes of momentum (M), sensible heat (H) and latent heat (LE) between the sea surface and the atmosphere are formulated in most atmospheric models using standard flux-gradient relationships with stability-dependent exchange coefficients written as
Subscript s denotes the value at the sea surface, while wind speed U, potential temperature q and specific humidity q are evaluated at height z above the surface. We use a local potential temperature defined as the temperature plus 0.01 z, where z has units of m. Here q s is the surface radiative temperature (sea-surface skin temperature) and q s is the saturated specific humidity at the sea-surface skin temperature. We reduce q s by 2% to account for the salinity effect [Sverdrup et al., 1942] .
[25] The height, stability and roughness length dependent exchange coefficients are given by Monin-Obukhov similarity theory as
where k = 0.4 is the von Karmen constant, y m , y h and y q are the stability functions, and z om , z oh and z oq are the roughness lengths corresponding to transport of momentum, heat and moisture, respectively. The stability function for momentum is only a function of stability parameter z,
, a 1 = 16, a 2 = 5 and z z/L [Businger, 1966; Businger et al., 1971; Paulson, 1970; Dyer, 1974; Hogstrom, 1988] . L is the Obukhov length scale defined as
The stability functions for heat and moisture transfer are specified to be equal and are given by
[26] The set of equations are not closed without specification of the roughness lengths. A common parameterization for z om over the sea is
following Charnock [1955] , Smith [1988] , Fairall et al. [1996] and others, where a is the Charnock coefficient (typically a = 0.011) and n is the kinematic viscosity of dry air. The first term on the rhs of equation (14) states that the aerodynamic roughness of the surface is proportional to the downward turbulence momentum transport from the atmosphere. Numerous investigators have related variations in a to variations in wave state to include the larger wind stress observed over young growing waves and smaller wind stress observed over older, faster moving waves [Donelan, 1990; Maat et al., 1991; Smith et al., 1992; Drennan et al., 2003] . For the bulk model without wave-state effects, we use the usual value of a = 0.011. The second term on the rhs of equation (14) is the aerodynamically smooth flow (viscous) term [Kondo, 1975] , which becomes important in the formulation when the wind stress is weak. As a result of this term, z om is predicted to increase with decreasing u * for u * less than about 0.075 m s À1 (Figure 1 ).
[27] The roughness lengths for heat and moisture transport in the widely used COARE (Coupled Ocean Atmosphere Response Experiment) bulk flux algorithm [Fairall et al., 1996] are specified as functions (f and g) of the dimensionless roughness Reynolds number R r , after Liu et al. [1979] . In contrast to z om , the scalar roughness lengths are specified to decrease with increasing wind stress for u * > 0.2 m s À1 (Figure 1 ). Sheltering by wave crests is thought to reduce scalar roughness with rougher seas.
[28] A gustiness velocity scale (w g ) is sometimes introduced in the bulk model to allow for non-zero fluxes with vanishing mean wind speed. In such case, the mean wind speed U in equations (3) - (5) is replaced by velocity V = (U 2 + w g ) 1/2 after Godfrey and Beljaars [1991] . For the data analyzed here, the bulk fluxes are not sensitive to use of w g and we specify w g = 0.
[29] Equations (3) - (17) enable an iterative solution for the fluxes based solely on the mean state quantities: U, q, q and q s . Differences between individual 4-km average fluxes calculated from the LongEZ data and the bulk formulation described above (equations (3) - (17), Figure 1 ) and those calculated using the COARE algorithm version 2.5 are negligible. In COARE version 3.0 [Fairall et al., 2003] , the roughness lengths are slightly greater for wind speeds exceeding 10 m s À1 , thus slightly increasing the fluxes in strong winds, and the roughness lengths for heat and moisture are equated.
Roughness Lengths
[30] A possible cause of potential differences between the observed and bulk fluxes is that the stability functions are biased; however, these functions are thought to be better known than the roughness lengths, and are based on decades of tower-based measurements of the nondimensional gradient (mean vertical gradient normalized by the flux) (e.g., see the reviews in the works by Hogstrom [1988] and Vickers and Mahrt [1999] ). The current data sets agree well with commonly used flux-variance similarity relationships for s w /u * , s T /T * and s q /q * as a function of z/L, suggesting that atmospheric surface layer similarity applies. However, satisfying flux-variance similarity does not necessarily imply that the data satisfy flux-gradient similarity. Errors in the stability functions and the roughness lengths both probably contribute to differences between the observed and bulk fluxes, but it is not possible to separate the effects with the current aircraft data. We accept existing stability functions and focus on the roughness lengths.
[31] The roughness lengths that satisfy the bulk model can be calculated by substituting the observed fluxes into the bulk model and solving as
The roughness lengths are sensitive to how they are averaged and how extreme values are handled [DeCosmo et al., 1996; Mahrt et al., 2003] . In this study, the logarithm of the roughness length is averaged. The frequency distribution of the log of the roughness length is approximately normal while the frequency distribution of the roughness length itself is strongly skewed. Averaging is better posed for normally distributed variables. A few extreme values of the roughness length outside the range 10 À10 to 100 m were discarded from the averaging process.
[32] We note that relationships between the roughness lengths and the wind stress include self-correlation because the roughness lengths contain u * . An apparent relationship between the roughness lengths and wind stress does not necessarily imply a physical relationship [Andreas, 2002; Klipp and Mahrt, 2004 , and references therein]. Self-correlation causes z om to increase with u * and causes z oh and z oq to decrease with increasing u * (equations (18) - (20)).
Bulk and Observed Fluxes
[33] Figures 2 and 3 and Table 1 compare bulk (section 3) and observed (section 2) fluxes. Some of the scatter in Figures 2 and 3 is presumably due to (1) random flux sampling errors, (2) flux divergence associated with advection below the measurement height, (3) non-equilibrium conditions due to flow over SST heterogeneity, and (4) wave-state effects.
Momentum
[34] The bulk model momentum fluxes are generally larger than the observed for the LongEZ data and smaller than observed for ASIT data. Consequently, the roughness length for momentum is larger based on the ASIT data compared to the aircraft data (Figure 4 ). This is consistent with Edson et al. [2004] , who reported slightly smaller nondimensional wind shear (larger wind stress) than that given by the standard bulk formulation using the ASIT data. The scatter in the roughness lengths (not shown) is enormous, as found in most studies.
[35] The RMS difference between the observed and predicted fluxes is especially large for the aircraft-based momentum flux, where wind-wave interactions are more important compared to the sensible and latent heat fluxes. The bulk model has no independent information on wave state. In addition, random flux sampling errors are in general more severe for the momentum flux [Vickers and Mahrt, 1997] . The momentum fluxes from the tower have less scatter compared to the aircraft data partly owing to the reduction in random sampling errors associated with the 1-hour averaging time at the tower compared to 4-km averaging for the aircraft. However, the small amount of scatter and bias for the ASIT data is surprising given exclusion of wave-state effects.
[36] The dependence of z om on u * 2 g À1 for the current aircraft data sets (Figure 4 ) is similar to the relationship found by Mahrt et al. [2003, Figure 1 ] using offshore tower and buoy data from six different field programs. In that study and the current study, the observed momentum roughness length is less than predicted for weak to moderate wind stress and approximately equal to the prediction for strong wind stress. This would be consistent with greater flux loss due to flux divergence in weaker winds. We have attempted to correct for flux divergence below the aircraft level (section 2.5); however, the correction may be inadequate in very weak wind conditions.
[37] In near-collapsed turbulence, defined as u * < 0.05 m s
À1
, the bulk momentum flux exceeds the observed momentum flux by a factor of 10 for LongEZ CBLAST data, a factor of 3 for LongEZ SHOWEX data and a factor of 2 for the ASIT data. In contrast to many studies, this suggests that the modeled drag coefficient is too large in very weak turbulence conditions. The bulk model generally fails to predict these near-collapsed cases observed by both the tower and the aircraft possibly in part owing to wave-state effects not included in the model. For example, the wind stress is reduced relative to the bulk prediction for conditions with weak wind following swell [Phillips and Banner, 1974; Smedman et al., 1994; Mitsuyasu and Kusaba, 1996; Grachev and Fairall, 2001] .
[38] Possibly because of self-correlation, we do not find any evidence from the aircraft data for a smooth flow regime where z om increases with decreasing u * for small u * . The ASIT data hint at the existence of a smooth flow regime (Figure 4) . Andreas et al. [2004] found no evidence of a smooth flow regime from their analysis of SHEBA (Surface Heat Budget of the Arctic Ocean) and ISW (Ice Station Weddell) data collected over snow surfaces. Mahrt et al.
[2003] also found no evidence of a smooth flow regime in their estimates of z om based on data from offshore towers and buoys.
[39] The lack of a smooth flow regime is slightly sensitive to the flux calculation method. Use of conventional averaging times of 10 to 30 minutes for t (section 2.4) in very weak turbulence often inadvertently includes mesoscale motions in the calculated flux. These mesoscale fluxes can be larger than the turbulence flux and are typically random and unrelated to the local wind shear or stratification [Vickers and Mahrt, 2006] . Such primarily random wind stress components (positive or negative) are converted to positive bias when u * is calculated from the stress components. We speculate that some previous studies that found evidence of a smooth flow regime may have been partially influenced by this bias.
Sensible Heat
[40] Good general agreement is found between modeled and observed sensible heat flux. However, inspection of the roughness lengths (Figure 4) shows that the good agreement for weak to moderate turbulence conditions in the LongEZ data is due to cancellation of two errors, where z om is overpredicted and z oh is underpredicted, with the result that C h (equation (7)) agrees reasonably well with the observations. The aircraft data indicate that z oh decreases with increasing wind stress, as predicted by the bulk model, while z oh from ASIT has no clear relationship with wind stress. On average, the downward sensible heat flux from ASIT is larger than the bulk model prediction.
Latent Heat
[41] The magnitude of the bulk latent heat flux clearly exceeds the observed for LE < 300 W m À2 for both the aircraft and tower data; however, for the largest LE > 300 W m À2 observed during SHOWEX, the bulk latent heat flux is less than the observed. Vickers and Esbensen [1998] generally found that the COARE model latent heat fluxes were larger than the observed fluxes based on comparisons with eddycorrelation fluxes calculated using NCAR Electra aircraft measurements in the COARE experiment. This general result is consistent with the present analysis. Excluding for the moment the periods with the largest LE and the strongest wind speeds observed by the aircraft in SHOWEX, the observed z oq is significantly smaller than specified in the bulk model for both the aircraft and tower data sets (Figure 4) . Larger modeled latent heat flux compared to observed for all the data sets is not sensitive to the flux calculation method.
Scalar Roughness Ratio
[42] In contrast to the bulk model formulation, where the roughness lengths for heat and moisture transport are specified to be equal, both the aircraft and tower data indicate that the scalar roughness length ratio (z oh /z oq ) is significantly greater than unity with the exception of the strongest wind-speed cases (discussed below). The result that z oh > z oq is consistent with other observational evidence that the dimensionless variance of moisture tends to be larger than that of temperature, or equivalently, that R wT exceeds R wq , where R is the correlation coefficient [Katul and Hsieh, 1999; Asanuma and Brutsaert, 1999; DeBruin et al., 1999] . The more efficient transport of heat for these data could be associated with the domination of buoyancy generation of turbulence by temperature fluctuations instead of moisture fluctuations. In this sense, moisture acts more like a passive scalar than does temperature. The current data sets indicate that the scalar roughness length ratio is strongly coupled to the transport efficiency ratio ( Figure 5 ).
[43] DeBruin et al. [1999] suggested that differences between entrainment of heat and moisture at the top of the boundary layer could contribute to differences in transport efficiency. This influence is difficult to access with the current data. Andreas et al. [1998] and others have suggested that micro-scale surface moisture heterogeneity contributes to differences between R wT and R wq over land surfaces. Over the ocean, these influences are expected to be negligible.
[44] In the strongest observed winds, the scalar roughness length ratio (Figure 6 ) becomes less than unity owing to the Figure 5 . Observed 4-km scalar roughness length ratio (z oh divided by z oq ) as a function of the transport efficiency ratio (R wT divided by R wq ) for combined LongEZ CBLAST and SHOWEX data. (14) - (17)). Dotted straight line is the z om rough flow term only. ASIT data are denoted by the dashed curves with squares. combination of a precipitous decrease in z oh coupled with a large increase in z oq (Figure 4 ). The decrease in z oh could be due to wave sheltering [Liu et al., 1979] , while the increase in z oq could be related to wave breaking. Donelan [1990] postulated that at high wind speeds the decrease in moisture flux due to sheltering may be offset by an increase due to a disruption of the surface microlayer by breaking waves. The observations here indicate no clear dependence of the scalar roughness length ratio on wind speed until a threshold wind speed (about 12 m s À1 ) is reached, wherein the ratio plummets by a factor of nearly 200. This behavior is consistent with a threshold wind speed required for initiation of wave breaking.
[45] The majority of the data indicating enhanced moisture transport (z oq > z oh ) occur on 30 November in SHOWEX, with isolated cases also occurring on 16 and 28 November. All three of these days are characterized by breaking waves and cold, dry air advection from land located 50 km or more to the northwest of the study area. These are large-scale cold air outbreaks leading to strong instability and roll circulations. Roll vortices were inferred from data analysis and satellite images on 16 November, when the aircraft measured latent heat fluxes in excess of 500 W m À2 .
[46] Previous studies by Andreas and Monahan [2000] and DeCosmo et al. [1996] did not find enhanced moisture transport over breaking waves and proposed that the cause was rapid saturation of the near-surface air which reduces further moisture transport. However, for these three days in SHOWEX, a strong supply of cold dry air is available due to advection from land. We speculate that the occurrence of enhanced moisture flux (z oq > z oh ) over breaking waves may be confined to coastal regions with strong offshore advection of dry air; however, the erratic behavior of the bin-averaged z oq from both the tower and aircraft data suggests that we need more data to make more definitive conclusions. In addition, organization of the turbulence by the roll circulations [LeMone, 1976] probably leads to large spatial variability of the turbulence flux and cross-wind flight tracks would be more useful.
[47] The observed roughness lengths are contrasted with previously published formulations in Figure 7 using the same variables as Zilitinkevich et al. [2001, Figure 2 ]. The major difference is that this study finds large observed values of z om divided by z oq for roughness Reynolds number between 0.3 and 10.
SST Variability
[48] We now examine the influence of SST variability on the mean flow, the fluxes and the flux-gradient relationship. What scales and amplitudes of SST variability need to be resolved in a model in order to capture the significant variability in the air-sea fluxes?
[49] For the data sets considered here, flux variations along a flight segment are dominated by variations in SST, as in Figure 8 showing the response of the air-sea fluxes to a 10-km-wide cold pool. The sensible heat flux is highly correlated with SST with a 1-to 2-km downstream spatial lag at the aircraft level. Over the warm water downstream of the cold pool, large variations in latent heat flux occur that are not related to the SST or to the low-level wind speed or humidity (not shown). The LE variations could be related to changes in entrainment at the top of the boundary layer.
[50] To evaluate the dependence of fluxes on SST variations, the relative variation is examined for 16-km flight segments in the CBLAST pilot experiment. A sequence of t-scale averages (section 2.4) are used to compute the flight segment mean and standard deviation of the fluxes and the SST. The t-scale averaging eliminates SST variability on length scales comparable to and smaller than the turbulence scales. Because the relative variation, defined as the standard deviation divided by the mean, is not well posed when the mean flux vanishes, a few 16-km segments are excluded from the analysis.
[51] Variations in the sensible heat flux are most strongly related to variations in SST, while the momentum flux and moisture flux are less related (Figure 9 ). Extrapolating the linear relationships in Figure 9 to zero SST variability yields an estimate of the flux variability that is present for spatially homogeneous SST. Such estimates are 25, 13 and 20% for M, H and LE, respectively. These estimates include random Figure 7 . Observed roughness length ratio z om divided by (top) z oh and (bottom) z oq as a function of roughness Reynolds number for combined LongEZ CBLAST and SHOWEX data (circles with error bars). The solid curve is from Zilitinkevich et al. [2001] , dashed curve is from Liu et al. [1979] , and dotted curve is from Brutsaert [1982] .
flux sampling errors and influences of variations in wave state and mean atmospheric quantities.
Averaging Length Scale
[52] For spatially homogeneous conditions, the random flux sampling error decreases with increasing averaging length l due to capturing an increasing number of samples of the transporting eddies. On the other hand, the bulk model may break down with increasing l owing to capture of significant heterogeneity. For example, consider a sharp SST front that generates strong upward heat flux over a small fraction of the flight track or model grid box that includes warm water, while over the majority of the track, the heat flux is weakly downward over cool water. The bulk gradient (q s À q) averaged over the flight track can be negative, yet the average heat flux can be positive (Figure 10 ), leading to a negative exchange coefficient for heat in terms of the flight track or model grid box averaged quantities. This situation occurs in part because the exchange coefficients are stability dependent, and therefore the response of the heat flux to changes in U (q s À q) is nonlinear. This case is discussed further by Mahrt et al. [2004] .
[53] The example in Figure 10 represents an extreme case of sharp heterogeneity where increasing l leads to a breakdown of the bulk model. However, on average for all the current data, the effect of decreased random flux sampling error appears to be larger than the influence of increased captured heterogeneity. As a result, the agreement between bulk and observed fluxes generally improves with increasing l even with surface heterogeneity (Table 1 ). The improvement with increasing averaging length scale highlights sampling problems which are often a major difficulty with aircraft data without a large number of passes over the same flight track in similar mean flow conditions.
Amplitude of Response
[54] Discontinuities in SST (fronts) are identified using the Haar transform, which calculates the difference in SST over two adjacent 4-km half-window means. A large positive (negative) value of the transform indicates an increase (decrease) in SST in the downwind direction which is coherent on the scale of the 8-km window. The horizontal structure upstream and downstream from the changes in SST is composited on the basis of the value of the transform to examine the average response of the fluxes and mean flow to the amplitude of the SST change.
[55] The momentum, sensible heat and latent heat fluxes and the vertical velocity variance change by 25 to 50% when the 8-km SST transform exceeds 1 C (Figure 11 ), equivalent to an SST gradient of 0.25 C km À1 with 4-km resolution grid boxes. When the SST gradient is less than this value at this spatial scale, the response of the fluxes and the mean flow to the SST change is of questionable significance. The change in the fluxes is similar in magnitude and opposite in sign for flow over cold-to-warm and warm-to-cold changes in SST. There is a small yet systematic response of the low-level mean wind speed and air temperature to SST transforms exceeding 1 C (Figure 11 ). As the flow moves from colder to warmer water, the mean flow at 10 m warms, moistens, accelerates and becomes more turbulent, while the opposite is true for flow from warm to cold water. There is larger scatter in the low-level mean wind speed adjustment in flow from warm to cooler water.
Low-Level Flow Acceleration
[56] A case of flow from cool to warm water documented by three low-level repeat passes and four repeat slant soundings over each end of the flight track is shown in Figure 12 . The mean wind direction was relatively steady from the east (open ocean) with 10-m wind speeds ranging from 6 to 8 m s À1 along the track. The bulk temperature difference (q s À q) increased nearly 3 C in the downstream direction over the 18-km track owing to an increase of SST toward the west. On the basis of very limited observations, we speculate that the SST was even cooler farther upstream of the flight track. The only significant time dependence found was for the mean air temperature profile over the cool end of the track, where the temperature was increasing slightly with time.
[57] Over the cool end of the track, the stratification and wind shear were strong and the turbulence kinetic energy was very small. Shear generation of turbulence was strongly suppressed by the stratification. On the basis of the decrease of TKE with height, the boundary layer depth over the cool water was only about 50 m. Over the warm end of the track, the potential temperature was nearly constant with height, the mean wind shear was significantly reduced and the boundary layer depth was estimated to be well above the highest measurement level.
[58] Over the cool water, the flow above the shallow stable boundary layer partially decouples from the surface drag and accelerates, while within the stable boundary layer, strong vertical stress divergence due, in part, to the shallow boundary layer depth decelerates the near-surface mean flow. Large wind shear results. Downwind over the warmer water, surface heating deepens the boundary layer and the decoupled flow aloft now entrains into the boundary layer, couples with the surface drag and decelerates. At low levels, the flow accelerates over the warm water due to weaker stress divergence associated with deeper boundary layer depth. The relative increase in the surface stress over the warm end of the track is less than the relative increase in boundary layer depth, and thus the vertical stress divergence decreases downstream, which contributes to acceleration of the mean flow. The thermally induced horizontal pressure gradient due to the change in the low-level air temperature is thought to be a secondary effect (E. D. Skyllingstad et al., Effects of mesoscale sea-surface temperature fronts on the marine boundary layer, submitted to Boundary Layer Meteorology, 2006).
Conclusions
[59] A bulk flux model with no wave-state information, similar to that used to parameterize air-sea fluxes in most large-scale atmospheric models, was evaluated using aircraft and tower eddy-correlation data collected off the northeast coast of the United States in summer and winter. While we cannot rule out the possibility that the measurements underestimate surface fluxes, the systematic differences between bulk and observed latent heat fluxes appear to be too large to be fully explained by measurement problems. Model predictions of the sensible heat and momentum fluxes were reasonable within the data uncertainties; however, the reasonable agreement for the sensible heat flux was due to cancellation of two errors, where z om was overpredicted and z oh was underpredicted.
[60] With weak to moderate winds, the observed fluxes of latent heat were systematically smaller than predicted by the model. The more efficient transfer of heat compared to moisture for weak to moderate winds is consistent with the greater importance of temperature, as compared to moisture, in the buoyancy generation of turbulence in these data sets. The scalar roughness length ratio (z oh /z oq ) is of order 50 except for the strongest wind-speed conditions associated with wave breaking, where it decreases to order 0.1. The enhanced moisture flux over breaking waves is coincident with a large-scale cold air outbreak from the continent.
[61] The tower-based momentum fluxes were slightly larger than predicted with small scatter, while the aircraftbased momentum fluxes were systematically smaller than predicted with large scatter. Inclusion of wave-state effects in the bulk formulation may be required to better predict variations in the momentum flux. In particular, the bulk model overpredicts the momentum flux for cases of moderate winds but very weak wind stress possibly due to wind following swell conditions.
[62] The comparison between bulk and observed fluxes from the aircraft data improves with increasing flux averaging scale over the range of scales tested (2 to 32 km) even with surface heterogeneity. This implies that the reduction in random flux sampling errors owing to increasing averaging scale more than offsets the problems with the fluxgradient relationship with increasing scale owing to capturing additional spatial heterogeneity. In extreme cases where the flight track includes a large-amplitude SST front, the bulk model breaks down and fails to capture the correct sign of the spatially averaged heat flux, in part owing to the nonlinear response of the heat flux to the bulk gradient. However, more typical SST variability does not seriously degrade the performance of the bulk model for predicting area-averaged fluxes.
[63] The momentum, sensible heat and latent heat fluxes respond strongly to SST changes which exceed 1 C in amplitude on the 8-km scale (a 1 C change between two adjacent 4-km averages of SST). When the change in SST is less than this value, the response of the fluxes, at least as measured by the aircraft, is not significant. A larger number of repeat passes over the same SST feature would be required to extend this analysis to shorter scales. A case study of flow from cold to warm water shows that acceleration of the low-level mean wind over the warm pool appears to be related to the decrease in vertical stress divergence associated with a much deeper boundary layer over the warm water. 
